A submersible analyzer (Geochemical Anomaly MOnitoring System, GAMOS-IV) powered by micro-diaphragm pumps has been developed for in situ monitoring of time-series changes in manganese concentrations. The analyzer determines dissolved manganese in a continuous manner using a H 2 O 2 -luminol chemiluminescence method. The analyzer operates with a sample and reagent flow rate of approximately 60 ml/min, with a detection range up to 10 mM manganese, and has a 98% response time of approximately 6 min. The GAMOS-IV was tested during test deployment at 1,379 m in diffused hydrothermal fields at the Suiyo seamount. The ratio of manganese concentration to temperature (Mn/T) varied with different admixtures of source fluids.
significantly behind. To overcome this problem, peristaltic driven in situ analyzers, capable of multiple-day deployments have been developed (Massoth and Milburn, 1997; Massoth and Hey, 1998) . In addition, year-long continuous water sampler such as OsmoSampler (Wheat et al., 1996) and year-long continuous analyzers such as the Fe-OsmoAnalyzer (Chapin et al., 2002) have recently been developed. These instruments make use of osmotic pumps (Theewes and Yum, 1976) to propel samples and/ or reagents. Osmotic pumps use osmotic flow resulting from the diffusion of water across a rigid semipermeable membrane. Osmotic pumps have a number of advantages for use in long-term deployment, including (a) they have a much lower flow rate (sub ml/h) (Theewes and Yum, 1976) than other mechanical pumps such as peristaltic pumps or solenoid pumps; (b) they do not use electrical power; and (c) they are relatively small and inexpensive. However, the flow rate of osmotic pumps can not be easily changed, and their flexibility of operation is limited. Osmotic pumps can send a reagent one way to the inside or outside. It is therefore difficult to send standard or blank solutions through this type of pump for the purpose of calibration.
A diaphragm pump is another choice for long-term monitoring. Pump function in this case is carried out by a solenoid-driven piston pressing or releasing a diaphragm,
INTRODUCTION
Recent progress in the field of marine chemistry has revealed many phenomena with considerable temporal as well as spatial variations, some of which are unlikely to be detected using conventional hydrocast methods and subsequent chemical analyses on board ship. For example, submarine hydrothermal activity is characterized by large-scale and temporal variability. To estimate the chemical flux produced by hydrothermal activity, we need to obtain very detailed time-series data (Baker et al., 1987; Lupton et al., 1989; Haymon, 1993) . However, this type of data can never be obtained by intermittent hydrocasts from a research vessel.
Oceanographic sensors of physical properties such as temperature can be developed for year-long periods in hydrothermal systems (Kinoshita et al., 1996) . On the other hand, the development of instruments to measure chemical parameters during long-term deployment lags which is integrated with a dual-check valve. Although this type of pump requires an electric power supply (sub W), there are some advantages, in that (a) it uses about 1/10 of the power used by a peristaltic pump; (b) it can be easily and individually controlled electrically; and (c) it can easily inject standard solutions. In previous studies, diaphragm pumps have been used as flow injection NO 2 -analyzers (Weeks and Johnson, 1996) , and for injecting standards into the sample stream of the Fe-OsmoAnalyzer (Chapin et al., 2002) ). This type of pump has also been used as a submersible pCO 2 analyzer, SAMI-CO 2 (DeGrandpre et al., 1995) .
We have developed an in situ chemical analyzer, GAMOS (Geochemical Anomalies MOnitoring System), which can be used to detect manganese anomalies in neutrally buoyant plumes; this system can also be used to map the distributions of Mn in bottom seawater over vent fields (Okamura et al., 2001) . Using flow-through analysis methods, GAMOS continuously analyzes dissolved manganese. Dissolved manganese is determined using a hydrogen peroxide-luminol chemiluminescence (CL) method. This instrument has provided a wealth of highresolution information about manganese from hydrothermal systems analysis. However, the large power requirements of the mechanical pump and the high rate of reagent consumption limit the deployment duration of these in situ analyzers for more than several days (Massoth and Milburn, 1997; Massoth and Hey, 1998) . For the semilong term operation of chemical analyzers, we developed a new in situ analyzer, the design of which was based on diaphragm pumps.
EXPERIMENTAL

Analytical method
The flow-through system is the same as described in our previous report (Okamura et al., 2001) . Sample fluid or standard solution was passed through a filter (10 mm) to remove large particles. The solution was mixed with a pH 5 buffer solution (0.15M acetic acid-acetic ammonium) and passed through a Kelex-100 (commercial name for 7-dodecenyl-8-quinolinol, Ashland Chemical Co., USA) resin column (Isshiki et al., 1987) , which removed interfering metals (mainly Fe, Cu, and Zn) from the solution at pH 5. The solution was then mixed with CL reagents (1.0M hydrogen peroxide, 0.18M aqueous ammonia, and 1.0 mM luminol solution with 1.0 mM triethylene tetramine) and finally transported to a CL flow cell for Mn detection. The manganese was determined by measuring the resulting chemiluminescence intensity. To avoid clogging the column, the chelating resin was sifted to a homogeneous size of between 48-72 mesh.
Reagents were prepared according to the protocol reported by Okamura et al. (1998) . Artificial seawater (referred to as ASW) was prepared according to Lyman and Fleming's formula (Lyman and Fleming, 1940) . ASW was purified on a Kelex-100 resin column and then on a electrolysis column, after passing through a 0.4-mm Nuclepore filter, according to a previously reported protocol (Nakayama et al., 1989) . It was then confirmed by the method of Nakayama et al. (1989) that the purified ASW was free from Mn(II) (<0.05 nM).
Instrumentation
The original Mn analyzer design (Okamura et al., 2001 ) was modified to reduce both the power and reagent requirements. Here, we created a new microdiaphragm pump system using a 2-way diaphragm valve (TAKASAGO MLV-2) and two PTFE check valves (Flon Industry, MFTD-6-V) to replace the peristaltic pump. A schematic diagram of the pump is shown in Fig. 1 . When an electric current to the diaphragm valve was on, the diaphragm valve was opened and the inside volume increased. Reagents or samples were then sucked inside the pump ( Fig. 1(a) ). After the electric current was turned off, the diaphragm valve was closed and the fluid inside the pump was sent out ( Fig. 1(b) ). Each flowstream component of the pump is 10 ml in capacity. The wet materials in the micro-diaphragm pump were PTFE and Perfluoro elastomer. The pump was therefore free from metal contamination. The average power consumption at a flow rate of 60 ml/min was 0.05 watt at each pump. Five solenoid pumps required approximately 1/200 of the power used by the previous standard peristaltic pump (Okamura et al., 2001 one million cycles, which corresponded to 1 year of continuous operation at 10 ml/min. The renewed Mn analyzer (GAMOS-IV) is thus composed of the following two parts: (i) an acrylic oil-filled pressure-compensated vessel containing a flow-through analyzing system; and (ii) an aluminum pressure housing for electronic modules.
The acrylic vessel holds five micro-diaphragm pumps, four two-way valves, and a reaction manifold. The vessel has a rubber diaphragm on top for pressure balance between the inside and outside of the vessel. The microdiaphragm pump propels a sample solution (seawater, standard, or blank solution) and CL reagents. The electromagnetic two-way valves (TAKASAGO MLV-2) were programmed to select sample or standard solutions. The reaction manifold for the CL reaction was made from 1-mm I.D. PFA tubing and was directly connected to the Kelex-100 resin column. The column is a PFA tube (3-mm I.D., 2 cm length) packed with Kelex-100 resin, and the resin was equipped with two pieces of Teflon mesh (170 mesh). The manifold is also connected to a 2-m reaction coil and a CL flow cell. The CL flow cell is clear 1-mm I.D. PFA tubing coiled on a vortex groove 28 mm in diameter, and the groove was notched on an aluminum block.
The Al pressure housing, with a pressure rating of 5.4 ¥ 10 7 Pa (equivalent to 5,200 m depth), holds a CPU for system control, a photomultiplier detector with amplification, an eight-channel 10-bit A/D converter, and 2 Mb of flash memory for data logging. On top of the pressure housing there is an acrylic window for CL detection. The CL flow cell is attached to a window outside the pressure housing, which is connected to the acrylic vessel using underwater cables and connectors (Brantner and Associates, XSK-8-BCL). Detector voltages were amplified (raw, ¥10, ¥100 and ¥1000), digitized, and stored at preprogrammed intervals. The number of data pairs that can be logged was 172,000.
In situ measurement at the Suiyo seamount
The studied area is shown in Fig. 2 . The Suiyo seamount is a seamount in the Shichiyo seamount chain (Watanabe et al., 1994) . The Shichiyo seamount chain consists of a volcanic front in the middle region of the Izu-Bonin arc. In 1991, a number of small sulfide chimneys venting hydrothermal fluid were discovered on the floor of the caldera located at the top of the western peak of the seamount. This caldera is approximately 2 km in diameter. An active hydrothermal field with hightemperature fluid (maximum 315∞C) is distributed within an area of about 300 m by 150 m in an NNW-SSE direc- tion at a depth of about 1,370 m (Watanabe et al., 1994) .
Deployment and recovery of GAMOS-IV were carried out on the 24th of August 2002 using the ROV Dolphin 3K (Japan Agency for Marine-Earth Science and Technology, JAMSTEC) and on the 31st of August 2002 using manned submersible SHINKAI 2000 (Japan Agency for Marine-Earth Science and Technology, JAMSTEC), respectively. A Sample inlet and CTD (Alex Electric Co. Ltd., COMPACT-CTD) were put into a polyvinyl chloride tube (10 cm in diameter). The tube was placed directly diffused flow. The water temperature of the diffused flow measured by the temperature probe of the Dolphin 3K was 4∞C. The deployment site was located at the west end of the hydrothermal area. This area was covered with vent mussels and bacterial mats. No hightemperature fluid was observed around this area.
RESULTS AND DISCUSSION
Laboratory calibration test
We conducted a test of GAMOS-IV function for continuous time-series observations for 4 weeks in our laboratory. Some of the results are shown in Fig. 3 . The CL intensity at 144-147 hours (after 1 week) was found to be almost the same as that at 0-4 hours, but those at 312-315 hours (after 2 weeks), 480-483 hours (after 3 weeks), and 648-671 hours (after 4 weeks) decreased to 92%, 83% and 83% of the initial values, respectively. After 4 weeks of operation, the CL intensity of the 100 nM manganese as measured by using the new reagents showed a 99% value of 2.5 hours, as indicated in Fig. 3 , suggesting that the decrease in the CL intensity was caused by decomposition reagents. The micro-diaphragm pumps can, therefore, propel reagents precisely up to 4 weeks. The detection limits (signal to base ratio = 3) at 2.8 hours and 670.8 hours (after 4 weeks) were 0.66 nM and 0.33 nM, respectively. The detection limit in our previous study was 0.23 nM (Okamura et al., 2001) and was lower than the present one because the seawater sample was diluted five times with reagent at the position of the CL detector in the present system, but only two times in our previous study (Okamura et al., 2001) . This detection limit is low enough to detect the Mn anomalies (-10 nM) of hydrothermal plumes, as reported by previous studies (Klinkhammer et al., 1985; Gamo et al., 1996) . Figure 4 shows calibration curves with the effects of reaction temperature on the CL intensity. At higher temperatures, a stronger CL intensity was obtained. The CL intensity responded linearly to 10 mM through out the studied temperature range (2 to 30∞C). This upper limit was 2.5 times higher than that of our previous study (4 mM) because of the dilution of the seawater sample.
The accuracy of GAMOS-IV was ascertained by analyzing the NASS-4 certified seawater at 15∞C obtained from the National Research Council of Canada, Marine Analytical Chemistry Standards Program. A value of 7.15 ± 0.28 nM was obtained for manganese (mean for 
Fig. 5. Results of the pressure chamber test of GAMOS-IV. (a) Pressure variations inside the chamber, (b) outputs of Mn (+0, +25, +50, and +100 nM in ASW). A plastic bag containing blank seawater was connected to the inlet port of the seawater sample. Power was supplied from outside the chamber through electric wires. The reagent flow rate is 60 ml/m for the manganese analyses. Four manganese standard solutions (+0, +25, +50, and +100 nM in ASW) were analyzed.
five replicate analyses, 95% confidence level). This value is within the range of certified values of 6.92 ± 0.42 nM.
Pressurized calibration test
We conducted a test of GAMOS-IV function, operating at a range between atmospheric pressure (1 ¥ 10 5 Pa) up to a pressure equivalent to 2,850 m depth; the test was carried out using the pressure test chamber of the Institute of Industrial Science at the University of Tokyo. Figure 5(b) shows the time variations of the CL intensity output. The CL intensity remained almost stable when the apparatus was kept at a constant pressure. However, increases in pressure led to decreases in CL intensity. The temperature inside the test chamber was kept constant at 16 ± 0.5∞C. The decrease in CL intensity is, therefore, thought to have been caused by the increase in pressure. These tendencies observed in this experiment were the same as those observed in our previous study (Okamura et al., 2001) , but the pressure effect was approximately twice that in our previous study (Okamura et al., 2001) . The volume of reagents consumed during the 7-hour operations test was the same as that for 7 hours of laboratory operation, indicating that the sample flow rate is not affected by pressure. The diaphragm pumps can propel reagent precisely up to 2.85 ¥ 10 7 Pa. At present, we have not been able to explain why the CL intensity is decreased by the pressure. The in situ calibration at the pressure of the exact depth is indispensable to obtaining precise Mn data.
As shown in Fig. 6 , the logarithmic plots of the relative CL intensity values of GAMOS vs. time are nearly linear with changes in concentration. Linear regressions of the logarithm of the relative CL intensity vs. time for each of the three-step changes in concentration gave a slope of 0.012 ± 0.001 (Fig. 6) . 83 seconds were required for a change corresponding to 63% (1 -1/e) of the step change, and 326 seconds were required for the detector response to reach 98% of the steady-state value. The degree of peak broadening was stable and was not influenced by the outside pressure, but the broadening was 9 times larger than that observed in our previous study (Okamura et al., 2001 ). This broadening effect was due to the difference in the flow rate of the reagents and the seawater samples. The inner diameter of the reaction lines of both systems was the same (1 mm), but the total flow rate in the flow cell attached to the detector was 0.3 ml/ min, which was nine times smaller than that observed in the previous study (2.7 ml/min). Thus, this effect can be described as being in inverse proportion to the flow velocity; moreover, diffusion of reagent exerted little influence within the reaction line. As shown in the previous study (Okamura et al., 2001) , the real concentration of Mn at "n" seconds (C n ) can be written as follows:
where C n R refers to resulting concentration by GAMOS at time "n" seconds, and "s" to the slope of the logarithm of GAMOS-IV vs. time (s = 0.012 as shown in Fig. 6 ). The measured and calculated peak intensity using Eq. (1) is shown in Fig. 7 . The peak shape in Fig. 7(b) is sharper than that in Fig. 7(a) . By using the 0-2 minutes value in Fig. 7(b) , 81 seconds were required for the detector response to reach 98% of the steady-state value, which is 5 times faster than the measured peak change. This correction is useful for observing relatively slow changes such as in time-series observations.
In this system, each micro-diaphragm pump provides a 10-ml pulse of fluid per stroke, which results in a pulsating flow. It is generally difficult to reduce detector signal oscillations by using a diaphragm pump for flowthrough analysis (Weeks and Johnson, 1996) . In our system, no signal oscillations were detected. The peak broadening, caused by the lower flow velocity, reduced the detector signal oscillations. The new micro-diaphragm pumps performed well in a typical deep-sea flow-through in situ system.
In situ measurement at the Suiyo seamount
Physical data obtained by temperature recorder and/ or CTD were difficult to compare directly with the manganese concentrations obtained by GAMOS-IV because the physical sensors had a much shorter response time (-1 sec) than did the GAMOS-IV (-326 sec). As discussed previously (Okamura et al., 2001) , the concentration based on GAMOS measurement at time "n" sec (C n R ) is calculated by the following equation: where C n refers to real concentration at time "n", and "s" to the slope of the logarithm of GAMOS-IV vs. time (s = 0.012 as shown in Fig. 6 ). To compare the manganese concentrations obtained by GAMOS-IV and the physical data, the physical data should be smeared numerically. The numerical filter used to smear the physical data was as follows: where P n refers to the physical data at time "n", and P n R to the sequential filtered physical data. The sum of Eq. (3) was stopped at 326 seconds, which is the time required for the detector response to reach 98% of the steady-state value. Figure 8 (a) shows the manganese concentrations as measured by GAMOS-IV and Fig. 8(b) shows potential temperature data smeared using Eq. (3). Predicted tidal height at the Suiyo seamount was also shown in Fig. 8(c) . Bischoff and Rosenbauer (1985) is also shown. 3.0, 3.2, 3.4, 3.6, and 3.8∞C GAMOS-IV was utilized for only 16 hours due to mechanical difficulties. Data from 9:00 a.m. on the 24th of August to 1:00 a.m. on the 25th of August were thus available for the analysis of the manganese concentrations. GAMOS-IV reached the seafloor at 9:15 a.m. on the 24th of August. Two manganese standard solutions (0 mM and 5 mM) were measured for in situ calibration from 9:00 a.m. to 10:45 a.m. on the 24th of August (Fig. 8(a) ).
The CL intensity should be influenced by water temperature, as shown in Fig. 4 . The temperature changed in the range of 3-4∞C, as shown in Fig. 8 . The calibration curve for 2 and 5∞C is the same in Fig. 4 . Furthermore, the sucked-in water from the sample inlet takes 15 minutes to reach the CL detector. The CL detector was put in ambient seawater which temperature is almost stable (ca. 3∞C). The temperature effect can therefore be ignored.
The manganese concentrations and water temperature changed in concert with each other. The changes in manganese concentrations and water temperature did not correspond with the tidal height (Fig. 8) . Figure 9 shows the relationship between the manganese concentrations and the water temperature. From Fig. 9 , the endmember for ambient seawater can be seen to be 0 mM for Mn concentration and 2.5∞C for the potential temperature. Figure  10 shows the relationship between potential temperature and salinity at 0-10 m above the seafloor obtained by CTD attached to the SHINKAI 2000. The potential temperature above the seafloor was in the range of 2.84-4.0∞C. The absolute value of the potential temperature for the CTDs attached to the SHINKAI 2000 and GAMOS-IV should be different because inter-calibration for the two CTDs was not carried out. Although the potential temperature affected by the high-temperature fluid, the change in the potential temperature of the surrounding seawater did not exceed ±1∞C. At this site, the high-temperature hydrothermal fluid was 310 ± 5∞C and the manganese concentration was 720 ± 53 mM (1s) (Kishida et al., 2004) . The ratio of manganese concentration to temperature (Mn/T) for the ambient seawater and the hightemperature fluid calculated using the specific heat at T = 310∞C, determined from Bischoff and Rosenbauer (1985) , was 1.83 ± 0.17, also shown in Fig. 9 . The Mn/T ratio observed by GAMOS-IV showed variations compared to the Mn/T ratio for high-temperature fluid. These Mn/T ratios represent different admixtures of source fluids with Mn/T values different from those of their origins in the seabed.
CONCLUSION
A new submersible analyzer (GAMOS-IV) powered by micro-diaphragm pumps has been successfully developed. Consumption of electric power and reagents have been reduced compared to the previous system. The average power consumption at a flow rate of 60 ml/min was 0.05 watts at each pump. Five solenoid pumps required 1/200 of the power used by the previous standard peristaltic pump. Continuous measurements of manganese performed in situ with the GAMOS in a hydrothermal vent in the Suiyo seamount successfully yielded timeseries chemical data.
